Introduction.
The widespread use of esthetic porcelain restorations has created the need for a better understanding of the appearance properties of porcelain. The problems of color matching to natural teeth are universally known. It is subject to the limitations of the shade guide,1 light source and human perception,2 and the colors of the surrounding environment.36 There are several factors ascribed to the failures in matching shade buttons to natural teeth. One factor is translucency, which is the relative amount of light transmission,7 or diffuse reflectance from a substrate surface through a turbid medium.
McLean8 discussed the diffuse reflection of light produced by internal scattering and its effect on esthetics. By contrast, the fraction of incident light which emerges as diffuse transmission is considered vital in dental ceramics. The use of gold coatings to increase diffuse reflectance of a porcelainto-metal restoration has been studied by Gettleman et al. 9 They found an increase in total reflectance, which indicated that a thinner opaque layer can be used, and, thus, requires less reduction of the natural tooth.
There are three methods of studying the translucency of dental porcelain: direct transmission, total transmission (including scattering), and spectral reflectance. It was the purpose of this investigation to study the translucency by direct transmission and total transmission, including scattering, of both the porcelains used in porcelain-fused-tometal restorations and the conventional feldspathic porcelains. We also wanted to study the translucency as a function of wavelength.
Materials and methods.
Dental porcelains are translucent. The amount of light passing through a translucent material can be approximated as equation 1:
for a small range of thickness; where I, is the intensity of the incident beam; I, the intensity passing through the sample;
x, the thickness of the sample; and tc, a constant for the material.10 tc is defined as a transmission coefficient, which is the ratio of the intensity of the incident beam and the intensity of the beam passing through a sample of unit thickness.
Light passes through a translucent material by direct transmission and by scattering.
The values of tc for direct transmission and total transmission (direct and diffuse) can be measured using appropriate spectrophotometric arrangements (Fig. 1) .
The study involved only body porcelains. Five shades were selected using the Bioform shade guide:* 59, 62, 65, 67, and 91. Four porcelains used in porcelain-fused-to-metal systems and one feldspathic porcelain were selected. The products and their equivalent shades used in this study are listed in Table   1 .
Four samples were prepared for each porcelain shade. Each sample was prepared by weighing out 0.08 g of the porcelain, transferred to a stainless steel mold (9.5 mm diameter x 2.9 cm) and compressed to 20 MPa in a pneumatic press.t The compressed sample was extruded onto a sheet of platinum foil and fired in a porcelain The Ceramco B.F. vacuum porcelain samples were preheated and inserted into the furnace at 649 C (1200 F) within five minutes. The samples were then fired under a vacuum pressure of 660-736 mm (26-29 in) of mercury with an average heating rate of 35 C (95 F). The vacuum was released and firing continued at the same rate up to 968-982 C (1775-1800 F). When a high biscuit bake was reached, it was removed immediately and bench cooled. For glazing the samples, the procedure for preheating and firing was repeated up to 982 C (1800 F) and bench cooled.
The Vita VMK 68 vacuum porcelain samples were pre-dried slowly in the open furnace at 750 C (1382 F) for ten minutes. The samples were fired under a vacuum pressure of 635 mm (25 in) of mercury from 750-960 C (1382-1760 F) with a rate of rise in temperature of 30 C (86 F) per minute and then bench cooled. For glazing, the samples were preheated and then held at 960 C (1760 F) for two minutes without vacuum and bench cooled.
The Neydium porcelain samples were preheated in the open muffle of the furnace at 649 C (1200 F). The samples were then fired under a vacuum pressure of 635 mm (25 in) of mercury at a rate of rise in temperature of 38 C (100 F) per minute from 649-982 C (1200-1800 F) and then bench cooled under a beaker. For glazing the samples, the procedure for preheating and firing was repeated up to 982 C (1800 F), but without vacuum, and then bench cooled under a beaker.
The Willceram porcelain samples were preheated at 579 C (1075 F) for five minutes. The samples were fired in a vacuum of 660-736 mm (26-29 in) at a rate of rise in temperature of 34 C (92 F) per minute up to 910 C (1670 F) until a glossy surface was evident. For glazing, the samples were preheated at 560 C (1040 F) for six minutes at the same heating rate up to 899 C (1650 F), but without vacuum.
The Steele's APCO porcelain (1875) samples were preheated in front of the open furnace at 579 C (1075 F) for five minutes. The samples were then fired at atmospheric pressure at a heating rate of 21 C (70 F) per minute up to 968 C (1775 F). For glazing, the samples were heated to 1024 C (1875 F) at the same heating rate and bench cooled.
The average thickness of each sample was obtained from five measurements along a diameter of the sample using a micrometer with point contacts.
For direct transmission measurements, an aluminum sample holder (1.25 cm x 1.25 cm x 4.5 cm) with a hole of 8.5 mm diameter was used. The sample disk was held in place by brass rings (Fig. 2) . The intensity of the direct transmission beam was measured in a dual beam spectrophotometer* with air as the reference. For total transmission measurements, an aluminum sample holder (Fig. 3) Representative spectra of total transinission of porcelain samples are shown in Fig.  6 . All samples have similar spectra showing increasing transmission with increasing wavelengths from 400 to 700 nm. The percentages of total transmission through 1 mm of the porcelain samples are given in Table 3 . The values were obtained using equation 1. Discussion.
Translucency of dental porcelain is a function of sample thickness. The transmission of light through porcelain can be approximated by I/I. = tcx. The linear relationship between log I/Io and sample thickness (Fig. 4) shows that tc can be used as a measure of the amount of light transmitted through a 1 mm-thick porcelain sample with the incident beam at unit intensity.
The amount of light directly transmitted through porcelain samples is less than 1%, whereas the amount of total transmission which is the sum of directly transmitted light and diffuse transmission by scattering, averages 26.8%. The results show that the main factor of translucency in dental porcelains is due to multiple scattering of light in the porcelain. Most TRANSL UCENCY OF DENTAL POR CELAINS higher wavelengths as was observed (Fig.  6 ). There were significant differences in the total transmission coefficients tc(total) for values of the dental porcelains tested.
Because of the relatively large error variances, ranking of the materials using the SNK test showed differences only in the extreme values.
Conclusions.
Transmission of light through a dental porcelain is dependent on its thickness. When the thickness is within a narrow range, around 1 mm, the amount of light transmitted can be approximated as I=Io tcx with tc(direct) for direct transmission and tc(total) for (direct and diffuse) transmission.
The translucency of a dental porcelain can be expressed in terms of a transmission coefficient for total transmission, tc. There were statistically significant differences found among the values of tc for the porcelains used in this study.
Dental porcelains transmit 200 times more light by total transmission than by direct transmission. Also, total transmission increases with increasing wavelengths as stated by the Rayleigh scattering equation.
